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24.1 Introduction 
One of the extraordinary features of poeciliids is the high degree of phenotypic variation between 
populations and species, presumably driven by adaptation to local environmental conditions.  
This has motivated many of the varied types of genetic studies of poeciliids, from surveys of 
genetic polymorphisms in presumably neutral markers, to studies that investigate the extent to 
which phenotypic differences are genetically determined, and are the result of selection or other 
evolutionary processes.  Since the surveys of genetic variation presented by Echelle et al. (1989) 
and Smith et al. (1989) in the first poeciliid book (Meffe & Snelson 1989), DNA markers have 
almost completely supplanted allozyme markers.  There has also been an increasing interest in 
the link between phenotypic and genetic variation, as well as an intense focus on describing 
genetic variation in guppies.  Our purpose in this chapter is to survey what has been learned 
about genetic structure of poeciliids using molecular genetic markers, and foreshadow what is to 
come.  We start with a survey of within population genetic variation and ask if there is evidence 
that sexual selection, natural selection, migration and/or drift shape within population genetic 
variation. In doing so, we survey results of genetic studies of sexual selection in natural 
populations and report frequencies of multiple paternity. We then address the classic question 
concerning how genetic variance is distributed within and between populations in streams and 
drainages, and how this compares to variation between drainages. Finally we connect this 
information to evolution of phenotypic diversity in poeciliids, by surveying studies that have 
used information on molecular markers to explicitly test hypotheses concerning which 
evolutionary processes determine the distribution of genetic and phenotypic variation. 
     Poeciliids have provided many models for systematics, biogeography, evolutionary and 
ecological studies, and biomedicine. However, despite this interest in the group as a whole, only 
a small proportion of the species have been studied in terms of the distribution of molecular 
genetic variation in natural populations.  This is the topic of Box 24.1, in which we list the 
genera as defined by Rauchenberger (1989), the number of species per genera, and the number of 
studies within each of the genera that address the partitioning of genetic variation within and 
between populations, rivers, drainages or larger biogeographic regions within the species.  When 
the first poeciliid book was written, two groups stood out as having large data sets regarding 
population genetic structure:  Gambusia and Poeciliopsis.  The studies on Gambusia 
concentrated on the two species in the southeastern United States, G. affinis and G.  holbrooki 
(although at the time these were considered subspecies).  These studies were motivated by 
interest in the taxonomic status of these two groups, and what these species could tell us about 
the biogeographical zones of the southeastern United States.  Much of the motivation for studies 
of Poeciliopsis was driven by interest in the distribution of genetic variation in the clonal 
lineages, and in the conservation status of the desert Poeciliopsis that were greatly threatened.  
Of course most of the data presented in the first poeciliid book consisted of surveys of allozymic 
variants by electrophoresis. 
     Since the publication of the first poeciliid book, surveys of genetic variation have relied more 
on mtDNA and nuclear sequence variation, and variation in highly polymorphic microsatellite 
loci.  As seen in Box 24.1, the intense interest in the ecology and evolutionary history of guppy 
populations have led to a proliferation of studies on the distribution of genetic variation within 
and among populations of this species.  But even in the well-studied genus Poecilia, there is 
information on distribution of variation within and between populations for only 4 species (out of 
49 from Rauchenberger’s (1989) classification).  One group that stands out in terms of paucity of 
data is Xiphophorus, certainly one of the most important groups within poeciliids in terms of 
ecology and evolution, systematics and medical interest, and yet only two species, X. cortezi and 
X. birchmanni, have been examined rigorously for genetic variation within and between 
populations.  In summary, of 194 species, only 14 have studies explicitly examining population 
structure; of the 6 genera covered (out of 22), the percentage of total species studied ranges from 
5 to 12%.  Given that many of the approaches that attempt to factor out the relative contributions 
of drift, migration, selection, and phylogenetic constraint on phenotypic evolution depend on 
understanding the distribution of genetic variation (e.g., Althoff & Pellmyr 2002; Räsänen & 
Hendry 2008), it is critical that we conduct systematic surveys of genetic variation in more of 
these important model organisms.  Ultimately such knowledge will also help identify 
conservation problems in this family.   
24.2 Genetic variation within populations 
24.2.1 Role of sexual selection 
Estimates of genetic variation within populations have often emerged as by-products of studies 
which attempt to measure the strength of sexual selection in natural populations and associate 
these estimates with variation in behavioral or morphological traits, or sex ratios. These 
estimates could potentially be used to test whether the intensity of sexual selection influences 
genetic variation within populations. When individuals are equally successful in reproduction 
(thus sexual selection is weak), effective population sizes will be greater, and genetic variation 
higher, than when reproduction is dominated by a few individuals (Falconer & Mackay 1996). In 
an early study on Poecilia latipinna, Simanek (1978) found a significant correlation between 
observed heterozygosity at 21 allozyme loci with an index of reproductive skew, the ratio of 
breeding females to dominant males (defined as males with full sailfins). Simanek assumed that 
only dominant males reproduce, a significant caveat. With the aim of testing this hypothesis 
further, we review studies which use genetic markers to make inferences about sexual selection 
in poeciliids. In all cases, these are studies of the frequency of multiple inseminations of wild-
caught females. 
<Table 24.1 here> 
Typically, pregnant females are collected from the wild, they and their offspring are 
genotyped, and the frequency of multiple paternity and the minimum number of fathers per 
brood are estimated. Such studies have been carried out on seven poeciliid species (Table 1). 
Many of these studies were performed using few molecular markers, with a small total number 
of alleles, which will often result in an underestimation of the frequency of multiple paternity.  
Furthermore, brood size, and the number of offspring sampled per brood can also influence 
estimates of multiple paternity (Neff & Pitcher 2002; Neff et al. 2008). An additional 
complication is that multiple paternity varies over time  (Greene & Browne 1991; Trexler 1997) 
and with population density  (Soucy & Travis 2003). It is therefore unclear whether frequencies 
of multiple paternity actually differ between populations or species.  
     There are a few other species from which there is evidence of multiple paternity.  Using 
phenotypic markers, multiple paternity was detected in Xiphophorus variatus (Borowsky & 
Khouri 1976) and X. maculatus (Borowsky & Kallman 1976).  Laboratory studies have shown 
that multiple paternity occurs in Limia perugiae (Schartl et al. 1993).  Luo et al. (2005) report 
unpublished data (Seckinger, J. and Meyer, A. unpublished) suggesting that multiple paternity 
also occurs in X. nigrensis, X. cortezi, and X. birchmanni. The data so far suggest that multiple 
paternity is universal in poeciliids. 
     On face value, there is more than a twofold difference between species in number of sires per 
brood, with an estimate of 1.4 males per brood for Xiphophorus multilineatus and Heterandria 
formosa, to above 3.0 for guppies from both high and low predation populations. Even if good 
estimates of multiple paternity were available, they are insufficient for tests of genetic variation. 
Reproduction might be dominated by a small number of males, or distributed equally among 
males; estimates of multiple paternity cannot distinguish between those two conditions. A better 
estimate is reproductive skew among males, which is an estimate of the extent to which males 
obtain equal reproductive success.  
     Actual estimates of reproductive skew in natural populations have only been obtained in a 
single study of poeciliids (Neff et al. 2008), nonetheless allowing a test of the hypothesis of an 
association between population reproductive skew and genetic variation.  The additional step 
taken in this study which allowed an estimate of reproductive skew was to reconstruct paternal 
genotypes using COLONY (Wang 2004), and then score mating success of individual males, and 
calculate skew. Unsuccessful males are invisible in this analysis, which would lead to an 
underestimation of skew. This could be avoided by intensive sampling of possible sires, as is 
commonly done in studies of birds and mammals. We analysed data from Neff et al. (2008) and 
found no evidence for a relationship between genetic variation (expected heterozygosity at three 
microsatellite loci) and male reproductive skew in 10 populations of guppies (linear regression, β 
= 0.19, t = 0.95, p>0.36). There is therefore no further evidence available to support a role for 
sexual selection in determining within-population genetic variation.  
24.2.2 Role of natural selection, migration and drift 
Genetic variation estimated as expected heterozygosity is lower at upstream, low predation 
populations of guppies (Shaw et al. 1991; Shaw et al. 1994; Table 24.2). The same pattern is 
seen in upstream and downstream populations of Gambusia holbrooki (Hernandez-Martich & 
Smith 1997). If we exclude a role of sexual selection, what then are the relative roles of natural 
selection, migration, and drift in determining within-population genetic variation?  
<Table 24.2 here> 
The relative importance of different evolutionary processes on neutral genetic variation 
within populations of guppies in Trinidad has been addressed in several studies (Shaw et al. 
1994; Crispo et al. 2006; Barson et al. in review). Shaw et al. (1994) conducted a detailed study 
of multiple sites along the Aripo and Tacarigua Rivers, while Crispo et al. (2006) focused on the 
Marianne River, sampling at 20 locations. Barson et al. (in review) used a course-grained 
approach across a larger number of rivers – they sampled one upstream and downstream site (in 
one case only downstream) in each of six rivers. These latter two studies employed COALESCENT 
MODELS (Glossary) to estimate parameters such as migration rates and effective population 
sizes.  Shaw et al. (1994) and Crispo et al. (2006) concluded that differences in natural selection 
between populations, in the form of predation regime, did not influence genetic variation.  
Constraints on migration were seen by all studies to be key. Genetic variation was related to 
the geographic distance between upstream and downstream sites (Shaw et al. 1994; Crispo et al. 
2006). Shaw et al. (1994) suggested that founder effects and bottlenecks could explain low 
genetic diversity in far upstream populations. However, no evidence was found for recent 
bottlenecks in (mid) upstream populations, which had very low genetic diversity, in the analyses 
of Barson et al. (in review). Effective population sizes were, on average, about half as large in 
upstream as in downstream populations (Barson et al. in review). Shaw et al. (1994) further 
proposed that waterfalls, as physical barriers, isolated upstream populations and that gene flow 
predominantly downstream resulted in higher genetic diversity downstream. The analyses of 
Crispo et al. (2006) tested this idea and found support for a role of waterfalls in restricting gene 
flow. Across waterfalls, genetic diversity was higher downstream, and gene flow was 
predominantly, but not always, downstream.  Barson et al. (in review) concurred that gene flow 
was generally higher downstream than upstream. van Oosterhout et al. (2006), in studying 
variation in microsatellites of guppies from two sites in the Aripo River using the coalescent-type 
model IM, came to the same conclusion. Somewhat surprisingly, Crispo et al. (2006) found, in 
estimates of contemporary dispersal using GENECLASS, that guppies often disperse upstream 
when there are no waterfalls in the way. Barson et al. (in review), using BAPS, found mostly 
downstream-biased contemporary dispersal, but made no comparisons at a fine scale. Thus the 
difference between the two results could be due to asking the same question at different scales, 
or could be a strong, but not insurmountable, effect of waterfalls in Trinidadian rivers. Whether 
guppies are unusual among poeciliids in exhibiting high rates of upstream dispersal remains to be 
seen.  More studies would be welcome in evaluating the relative contributions of evolutionary 
processes on neutral genetic variation within populations. Thus far, we have no evidence for a 
role of selection, only for migration, and we can only infer an effect of drift. 
24.3  Rates of migration and partitioning of genetic variation within and between rivers 
and drainages 
We now turn our focus to a larger physical scale than genetic variation within populations. We 
address the question: how is genetic variation in natural populations partitioned into variation 
between populations, and variation between sets of populations or regions (Wright 1951)? For 
stream fish this often equates to questions of variation between populations within rivers, and 
variation between rivers, or perhaps between even more inclusive units, such as drainages 
consisting of several rivers all draining to the sea together.  In general, reduction in effective 
population size will decrease variation within populations and increase variation between 
populations, while effective migration between populations will conteract these effects (Wright 
1951).  Such questions are of course important for setting the geographical scale over which 
adaptation occurs.  Description of genetic partitioning within and between populations is also 
relevant to conservation biology, helping to measure the genetic effect of habitat fragmentation 
or a reduction in population size due to introduction of non-native species, or helping to 
determine the geographical scale over which re-introductions should be made (e.g. in 
Poeciliopsis; Vrijenhoek et al. 1985; Quattro et al. 1996).   
     Most studies reporting between population genetic variation employ at least one of 2 main 
types of analyses – HIERARCHICAL F-STATISTICS (Wright 1951), partitioning standardized genetic 
variances at multiple levels of biological organization, or the ANALYSIS OF MOLECULAR 
VARIANCE, (AMOVA), partitioning measures of genetic distances within and among populations, 
as developed by Excoffier et al.  (1992).  Table 24.3 is a summary of these types of studies in 
poeciliids, emphasizing those studies that report the partitioning of molecular variation between 
populations within rivers or drainages, and then between these larger units.  
<Table 24.3 here> 
     When the first poeciliid book was published (Snelson & Meffe 1989), Gambusia was the 
most well-studied genus of poeciliids in terms of genetic population structure.  These studies are 
summarized in Table 24.3, and show that a large proportion of the genetic variance for the 
species in Gambusia is partitioned both between populations within regions and between 
regions.  In fact, this pattern is repeated for most of the studies reported in Table 24.3, which 
summarizes data on genetic variation between populations and between drainages from 14 
species.  FST within rivers varies from 0.02 to 0.6 (average, 0.21), while that between 
rivers/drainages ranges from 0.038 to 0.471. (average, 0.29).  In 10 of 11 comparisons, FST 
between drainages is greater than within drainages.  This trend agrees with the results from the 
AMOVAs reported in Table 24.3; most often, the proportion of variance between rivers is 
greater than that between populations within rivers.  Two studies reverse this trend: Gambusia 
hubbsi on Andros Island (Langerhans et al. 2007), and Suk and Neff’s study (in review) on 
guppy populations in Trinidad.  
     As seen in Tables 24.2 and 24.3, since the publication of the first poeciliid book (Meffe & 
Snelson 1989), several groups have undertaken studies of the partitioning of genetic variation 
within and between drainages in the genus Poecilia, especially in the guppy, P. reticulata.  The 
intense study of guppy population structure is of course motivated by attempts to understand the 
forces influencing the distribution of adaptive phenotypic variation, especially between upstream 
and downstream populations (e.g., Alexander et al. 2006; Crispo et al., 2006; Barson et al. in 
review; Suk and Neff in review).  How this distribution of genetic variation can be used to 
explicitly test evolutionary hypotheses will be described in section 12.4. 
     Only two species in the genus Xiphophorus, X. cortezi (Gutiérrez-Rodríguez et al. 2007) and 
X. birchmanni (Gutiérrez-Rodríguez et al. 2008) have been described rigorously in terms of 
genetic variation between sites within drainages and between drainages.  These studies observed 
low levels of variation within populations, but this is common for the marker used in these 
studies, mtDNA control region.  In general, there was strong differentiation between sites and 
between drainages.   
     Table 24.3 also presents migration estimates for most of these species, given as Nem, the per 
generation NUMBER OF EFFECTIVE MIGRANTS. It is difficult to compare these estimates of 
effective number of migrants between species and studies, because the geographic range for each 
study, and the methods used for estimating Nem, vary greatly.  More recent studies employ 
coalescent approaches to estimate migration, such as IM (Hey & Nielsen 2004) and MIGRATE 
(Beerli 2006).  Some of the estimates are high, with 6 of 10 as high as 5 per migrants per 
generation.  Given this potential for high rates of migration, the amount of differentiation 
between populations and drainages is somewhat surprising, and may be due to adaptive 
divergence restricting effective gene flow, despite dispersal (Räsänen & Hendry 2008). 
     The partitioning of genetic variation has also been studied for several species in the genus 
Poeciliopsis (Vrijenhoek et al. 1985; Quattro et al. 1996; Hedrick et al. 2006), motivated by the 
endangered status of some of these species due to habitat destruction, including the introduction 
of non-native fishes (often another poeciliid, Gambusia affinis) (Vrijenhoek et al. 1985).  These 
studies have concentrated on describing the distribution of genetic variation in order to determine 
species boundaries, identify evolutionary significant units (ESUs) for conservation purposes, and 
to direct re-introduction programs.  These studies on Poeciliopsis are not listed in Table 24.3, 
because they do not report standardized F-statistics or AMOVAs; one FST value for between 
region differentiation was reported by Echelle et al. (1989) based on unpublished data. Overall, 
the groups studied exhibited well-differentiated lineages, supporting species status for P. 
occidentalis relative to P. sonoriensis, and ESU status for the Monkey Spring population of P. 
occidentalis (Hedrick et al. 2006). 
     In summary, only a few species, and in only a few genera, have been extensively studied in 
terms of the partitioning of genetic variation.  Table 24.3 shows that most species exhibit strong 
differentiation between populations and between rivers or drainages.  The two studies that 
reported low between-population FST were done on temperate, widely- distributed species (H. 
formosa,  0.01, Baer 1998b; P. latipinna from southeast United States, 0.07, Trexler 1988; the 
low values observed in the cave molly were from populations separated by only a few 100 m 
(Plath et al. 2007)).  This general pattern of strong differentiation between populations and 
drainages for most of the species listed in Table 24.3 extends the summary presented by Echelle 
et al. (1989), in the previous poeciliid book (Meffe & Snelson 1989).  The concordance between 
surveys suggests that this pattern is a general characteristic of poeciliid phylogeography. 
24.4 Using data on molecular genetic variation within and between populations to test 
hypotheses regarding evolutionary processes 
In this section we highlight several studies on poeciliids that report variation within and between 
populations in both molecular markers, presumed to be neutral, and phenotypic characters, 
presumed to be under selection, in order to explicitly test hypotheses on the forces driving 
variation in adaptive phenotypes.  These studies attempt to evaluate the relative effects of 
selection, drift, and phylogenetic constraint on phenotypic variation between populations and 
between rivers and drainages.  This approach is now more feasible due to a greater reliance on 
DNA polymorphism data and the development of coalescent models for estimating population 
sizes and migration rates.  
     As described in section 12.3 and in Table 24.3, some of the most extensive studies of genetic 
variation in poeciiids have been conducted on Gambusia species, especially in the southeast 
United States (summarized in Echelle et al. 1989; Smith et al. 1989). Smith et al. (1989) 
concentrated on several populations of both G. affinis and G. holbrooki, and described patterns 
of differentiation in allozyme markers over both space and time. Several types of data pointed to 
selection as being important in determining the pattern of genetic variation. Sexual selection was 
indicated by differences in allele frequencies between pregnant and non-pregnant females, and 
strong correlations among alleles at different loci suggested that selection was acting through co-
adapted gene complexes.  However, the authors’ overall conclusion was that drift was 
responsible for much of the frequency variation in these allozyme variants across small time and 
geographic scales.  
     More recent studies of Gambusia have concentrated on G. hubbsi on Andros Island, occurring 
in “blue holes”, vertical caves that have filled with freshwater since the rise of sea level 
following the last glacial maximum.  Migration is low between these blue holes, and drift seems 
to be the predominant factor determining the distribution of neutral markers, such as allozymes 
(Schug et al. 1998).  The predation environment differs among the blue holes, primarily due to 
the presence or absence of the redfin needlefish (Strongylura notata).  Langerhans et al. (2007) 
measured variation in mtDNA sequences, mating behavior and morphological characters, and 
combined these data with allozyme data from Schug et al. (1998).  They used a phylogeny based 
on molecular polymorphisms to reject the hypothesis that all the high-predation populations 
shared a common phylogenetic history, and thus were able to conclude that selection had most 
likely independently shaped the behavior and morphology of this rapidly evolving species.  This 
use of molecular markers to build phylogenies, ultimately to test for independent, repeated 
evolution of adaptive traits is a common approach in poeciliids.  Another approach to testing for 
contemporary selection is to compare the distribution of molecular genetic variation, assumed to 
be neutral, to that of phenotypic variation. 
     Hankison and Ptacek (2008) adopted this latter approach, studying two species of mollies, 
Poecilia velifera and P. petenensis. The main thrust of their approach was to use the distribution 
of neutral molecular markers to estimate the overall effects of random genetic drift, gene flow 
and geographic barriers.  By then comparing the distribution of characters most likely under 
selection, in this case morphology and components of male mating behavior, to the genetic 
structure of the neutral genetic markers, they reasoned that any marked differences would reflect 
recent selection on these phenotypes. 
     The two species studied are in the derived clade of sailfin mollies compared to the other short 
fin mollies (Ptacek & Breden, 1998). They occupy a range of drainages and ecological zones 
across the Yucatan peninsula, and differ in their ecological requirements.  The saltwater P. 
velifera is restricted to coastal habitats, while P. petenensis occupies freshwater habitats.  Thus, 
comparisons of populations of these species across these ecological zones, from within and 
between different drainages, presents an ideal situation in which to examine the effect of 
contemporary selection, gene flow and phylogeographical constraint on partitioning of neutral 
genetic markers and phenotypes under selection.   
     Hankison and Ptacek (2008) surveyed molecular genetic variation (9 microsatellite loci), 
linear body measurements in males (on dorsal and caudal fins), and male mating characteristics 
(rate and duration of courtship displays and gonopodial thrusts) in 9 populations of each species.  
There was strong population structuring in both species, with high FST values between 
populations within geographical regions, and between geographical regions.  Two types of 
analyses used genetic information to test hypotheses about selection versus other forces.  The 
BAPS algorithm (Corander et al. 2004) uses information on the distribution of variation in any 
type of character and estimates where virtual barriers might exist, that would explain 
discontinuities in the distributions.  The barriers predicted based on the partitioning of genetic 
variation did not correspond to the barriers predicted from the distribution of the phenotypic 
variation in the male morphological or behavioral characters.  This result was supported by 
Mantel tests, comparing matrices of genetic distances with those calculated for morphological 
tests.  In both species, the Mantel tests overall showed very little concordance between the 
genetic and morphological or behavioral measures.  Hankison and Ptacek (2008) therefore 
concluded that contemporary selection had a very strong effect on the distribution of male 
morphology and courtship behavior in both species. 
     Alexander et al. (2006) described the distribution of mtDNA variation across the entire range 
of the guppy, P. reticulata.  Similar to Hankison and Ptacek’s (2008) approach, their goal was to 
determine the partitioning of genetic variation across the species’ range, and to compare these 
data to patterns of phenotypic variation, in order to test for the effects of contemporary selection.  
In this way they wanted to test the generality of the patterns of selection observed in the streams 
of Trinidad.  
     The phenotypes they measured were male coloration and body length, characters that have 
often been shown to respond to differences between populations in predation pressure and other 
environmental factors within streams of the Northern Range of Trinidad (Grether et al. 2001; 
Magurran 2005). They surveyed 45 sites for mtDNA variation and 36 sites for morphological 
variation, from across the range of the species from Venezuela and Guyana to Suriname, and 
including the well-studied populations in Trinidad.   
     Again, similar to Hankison and Ptacek (2008), a discordance between morphology and 
neutral genetic markers across the species’ range suggested that much of the patterns of 
phenotypic variation for both color and male length were driven by contemporary selection, 
similar to results obtained from populations in Trinidad.  Also, the clades in the phylogenetic 
analysis of Trinidadian populations included upstream/downstream pairs of populations, 
suggesting that the adaptive divergence observed between these types of guppy populations had 
independently evolved several times.  However, there was also some association between 
molecular genetic patterns and patterns of phenotypic variation at this broad level of 
biogeography, so selection was not the only process determining the partitioning of phenotypic 
variation among these populations. 
     Guppy populations in the streams of Trinidad’s Northern Range have been extensively 
studied for adaptive phenotypic variation, and based on this interest, several groups have 
measured the distribution of molecular variation (e.g., Carvalho et al. 1991; Shaw et al. 1991; 
Shaw et al. 1994; Fajen & Breden, 1992; Alexander & Breden 2004; Becher and Magurran 2004; 
Alexander et al. 2006; Crispo et al. 2006; van Oosterhout et al. 2006; Neff et al. 2008, Barson et 
al. in review; Suk & Neff in review; Cable et al. in review).  From these we highlight one study 
that uses this molecular variation to explicitly test evolutionary hypotheses.   
     Andrew Hendry and colleagues have examined whether gene flow restricts adaptive 
divergence, by swamping local populations with genes that are not locally adapted, or whether 
adaptive divergence restrict gene flow, by reducing effective migration, and how these effects 
can be differentiated (Räsänen and Hendry 2008).  They have applied these ideas to several fish 
species, including salmon (e.g., Hendry et al. 2000), sticklebacks (e.g., Moore et al. 2007), and 
guppies.  Their study on guppies (Crispo et al. 2006) addressed this question by examining 
individuals from a large number of sites, 20, within one drainage, the Marianne River in 
Trinidad.  In this river, different sites are separated by physical distance, physical barriers such as 
waterfalls, and differences in predation regime; there were enough sites that it was possible to 
independently estimate the effect of these factors on genetic variation between populations.  
They found that waterfalls consistently affected gene flow, but that differences in predation 
regime did not.  This strongly suggested that adaptive divergence due to differences in level of 
predation was not limiting gene flow.  This could be one explanation why reproductive isolation 
has never been observed between populations within these rivers, despite the fact that divergent 
selection has been seen to drive ecological speciation in several other systems (reviewed in 
Rundle and Nosil 2005).  
     Guppies from the Caroni and Oropuche Drainages within the Northern Range of Trinidad are 
highly differentiated in terms of molecular variation, including allozyme and mtDNA 
polymorphisms, although high- and low-predation phenotypes can be found in both drainages.  
As a first step in examining whether reproductive isolation has developed between populations 
of guppies, Russell and Magurran (2006) and Ludlow and Magurran (2006) tested for 
reproductive isolation between populations drawn from these two drainages.  Ludlow and 
Magurran (2006) did observe reduced fitness in F1 individuals from these crosses, due to reduced 
rates of mating behavior, embryo viability, brood size and sperm counts.   
     This was not the first observation of reproductive isolation between populations of this well-
studied species, in that Alexander and Breden (2004) observed behavioral reproductive isolation 
between a highly phenotypically differentiated population of guppies from Venezuela, called 
Endler’s Livebearer or the Cumaná guppy, and Venezuelan populations showing more normal 
coloration patterns and shapes.  The Cumaná population shows asymmetric reproductive 
isolation, in that females from Cumaná exhibit a preference for males from their own population, 
while females from neighboring guppy populations do not show a preference for their own 
population (Lindholm & Breden 2002).  By applying the criteria outlined by Panhuis et al. 
(2001), Alexander and Breden (2004) concluded that sexual selection most likely has driven this 
reproductive isolation and possible incipient speciation between the Cumaná guppy and regular 
guppy populations.  This conclusion depends on information on the distribution of neutral 
molecular markers, in that one of the criteria from Panhuis et al. (2001) is that populations that 
exhibit strong differentiation in sexually selected characters, and therefore may have become 
isolated due to sexual selection, should not show elevated levels of genetic differentiation from 
other populations.   
      A study by van Oosterhout et al. (2006) compared the distribution of polymorphisms in 
functional genes versus neutral molecular markers to test whether these different types of genes 
had different effective migration rates.  They compared the distribution of major 
histocompatibility complex (MHC) variation, functional genes of the adaptive immune system, 
and variation at 8 microsatellite loci, in guppies from one upstream and one downstream site in 
the Aripo River in Trinidad. Effective population sizes and effective migration rates were 
estimated by the IM algorithm, employing a maximum likelihood, coalescent approach (Hey and 
Nielsen, 2004).  They observed more variability in the neutral markers in the downstream 
population, a commonly observed pattern (Table 2).  However, there was little difference 
between the upper and lower stream populations in MHC variability.  The authors suggested that 
this could be due to higher effective migration rates between populations for the MHC 
polymorphisms than for microsatellite variants, thus making the distributions of the MHC alleles 
more similar between populations.  This could be due to balancing selection at the MHC locus: 
immigrant alleles into the upstream population, which showed overall lower variability, would 
more likely be found in a heterozygous state, increasing effective migration rates due to positive 
selection on those heterozygous individuals. 
      Two other studies on mollies in the genus Poecilia examined genetic variation and 
phenotypic adaptation.  Plath et al. (2007) studied several cave populations and two surface 
populations of the cave molly, P. mexicana.  One of the surface populations had extremely high 
concentrations of hydrogen sulfide.  One of their main questions was to evaluate the relative 
importance of gene flow versus adaptive divergence in terms of determining the distribution of 
phenotypic differences.  It was clear from the distribution of genetic variation and from estimates 
of recent migration that adaptation to the high sulfide environment restricted gene flow between 
this population and the other sites.  
     Gabor et al. (2005) measured allozymic and behavioral variation across the range of one of 
the sailfin mollies, P. latipinna.  They compared populations that were sympatric and allopatric 
with P. formosa, the amazon molly.  The parthenogenetic females of P. formosa must mate with 
a Poecilia male to initiate embryogenesis, and it was observed that P. latipinna males in 
sympatric areas with P. formosa were more choosey and rejected these heterospecific females.  
By comparing the distribution of male choosiness compared to the distribution of the neutral 
allozymic markers, the authors concluded that contemporary selection shaped the geographical 
distribution of male mating behavior. 
      Finally, one species in the genus Brachyraphis, B. rhabdophora, has been studied in great 
enough detail that data on genetic partitioning can be compared to data on between-population 
variation in phenotypic traits.  In the montane streams in Costa Rica, populations within streams 
differ strongly in predation pressure, in a situation similar to that of the Trinidad guppy 
populations (Johnson 2001).  Johnson studied 12 localities in northwest Costa Rica, 4 of which 
were reported to have low predation.  A phylogenetic tree based on genetic distances calculated 
from 11 allozyme markers showed that each of the 4 low predation populations clustered with at 
least one or more high-predation populations in the same stream or drainage.  The most 
parsimonious explanation for this pattern is that there has been independent evolution of low 
predation phenotypes in each of these low-predation populations.   
24.5 Future directions 
One of the most pressing goals for the future is expanding the number of poeciliid species that 
are studied in terms of the distribution of genetic variation, and the geographical range across 
which these species are studied.  As Box 24.1 indicates, very few groups have been covered by 
more than one or two studies.  Also, for those groups for which there are multiple studies, these 
often concentrate on a few well-known species or sets of populations.  This has contributed to 
the development of some of these species into important models for ecology and evolution, such 
as swordtails in Mexico and guppies in the Northern Range of mountains in Trinidad.  However, 
we would like to able to draw general conclusions from the identifying characteristics of 
poeciliids.  One such question could be, how does the livebearing life history affect patterns of 
migration, which could then determine potential for adaptive divergence and subsequent 
evolution of reproductive isolation?  Addressing such general questions for poeciliids awaits 
studies on a greater number of species, and a broader coverage of each species’ range. 
     A second area in which poeciliids can play a major role is the emerging approach to 
population genetics referred to as population genomics.  This approach uses information from a 
large number of markers throughout the genome to examine classic questions in population 
genetics, but in much greater detail and with greater precision.  Major genomics projects in at 
least two groups, Xiphophorus and Poecilia, are developing the knowledge necessary for this 
approach.  Pioneering work by Don Morizot (Morizot et al. 1977) based on allozyme 
polymorphisms introduced the power of comparative genomics to explore synteny among 
vertebrate genomes and reconstruct the ancestral vertebrate genome.  Further interest in 
Xiphophorus genomics was motivated by the identification of oncogenes and tumor suppressor 
genes for melanoma in the Gordon-Kosswig cross between X. maculatus and X. helleri (Anders 
1991), and other Xiphophorus crosses (Kazianis et al. 2004; Walter et al. 2004).  This connection 
with cancer motivated the production of a high-density, genetic linkage map with over 400 
markers for Xiphophorus; this information can now be used to map genes contributing to 
phenotypic adaptation and reproductive isolation.  The guppy is a second species for which 
genomic resources are being developed, in this case directly in order to map and identify genes 
underlying adaptive phenotypic variation.  Detlef Weigel, Christine Dreyer and colleagues at the 
Max Planck Institute for Developmental Biology have undertaken this project, and genomic 
resources include sequences from more than 18,000 ESTs (expressed-sequence tags) (Dreyer et 
al. 2007),  a 35,000 clone BAC library, and a high density linkage map based on over 1000 SNP 
markers (Dreyer et al. in review).  In addition, many of the markers for the guppy map are 
applicable to other species in the genus Poecilia (Tripathi and Dreyer, pers. comm.). 
     One of the major advantages of the population genomics approach is the ability to examine 
population differentiation using polymorphic markers across the entire genome.  In this way it is 
possible to “scan the genome” and determine whether certain regions of the chromosomes are 
more “permeable” to reproductive barriers than are others (“heterogeneous genomic divergence”; 
reviewed in Nosil et al. in press).  Polymorphisms in chromosomal regions that freely introgress 
between phenotypically differentiated groups are presumed to be neutral.  On the other hand, 
chromosomal regions that show strong differentiation between such groups may harbor loci that 
are under divergent selection (e.g., Rogers and Bernatchez 2007), and this approach can identify 
candidate genes for the control of important phenotypic variation.  Also such regions may harbor 
candidates for genes that are responsible for reproductive isolation (i.e., “speciation genes”; Ting 
et al. 2001; Orr et al. 2004).  At least one study has indicated that a phylogeny based on a 
chromosomal region associated with reproductive isolation more closely reflects the most likely 
species-level phylogeny (Ting et al. 2000).   Given that there are high-density linkage maps 
available for at least two groups of poeciliids, population genomics can be used to identify the 
most likely phylogenetic relationships of these groups (Tripathi and Dreyer, pers. comm.), and 
identify genes underlying adaptive phenotypic variation.  
      Finally, one of the major questions in evolutionary genetics is the molecular basis of adaptive 
phenotypic variation, and again the extensive knowledge of the adaptive significance of 
phenotypic variation in poeciliids make them ideal models fur such “functional” genetic studies.  
In addition to the population genomic approaches described above, that scan the whole genome, 
it is possible to use sequence variation in candidate genes among populations to determine 
whether variation in these genes is responsible for adaptive phenotypic variation.  Such studies 
have recently been undertaken on opsin  and MHC genes.  Opsins are the protein components of 
the visual pigments in cone cells, and variation in such genes partially determine the tuning of 
color vision in vertebrates (Yokoyama 2000).  As such, these genes are good candidates for 
controlling some of the variability that has been observed in color-based female preferences in 
poeciliids (e.g., Endler and Houde, 1995).  Variation in long wave-sensitive opsin repertoire 
(number of duplicated genes), sequence variation, and expression differences have all been 
explored in guppies (Hoffman et al 2006; Weadick & Chang 2007; Ward et al. 2008), although 
this variation has not yet been tied to differences in preference functions.  As discussed in the 
previous section, sequence variation has also been studied in MHC Class IIB genes, which are 
important components of the adaptive immune system and which contribute to protection against 
parasites.  
     In summary, there are a few general patterns that emerge when genetic variation within and 
among populations is compared across poeciliid species.  Typically, upstream populations have 
lower genetic variation, and most species exhibit strong differentiation between populations 
within rivers, and between rivers and drainages.  This may be due to adaptive divergence tending 
to limit gene flow, but determining the underlying processes causing such patterns of genetic 
differentiation can be extremely difficult (Räsänen and Hendry 2008).  However, surveys of 
genetic variation of more species and across a broader geographical range of these species, 
combined with data on adaptive phenotypic variation, should allow explicit tests of important 
evolutionary hypotheses in many poeciliid species. 
Glossary 
COALESCENT MODELS: These models are often based on sequences observed in a population, 
and project back in time to estimate the number of generations until two sequences share a 
common ancestor (the coalescent) (Kingman 1982). Such models postulate several population 
parameters, including population sizes, migration rates, and levels of standing variation, and 
estimate these parameters using a maximum likelihood simulation.  Some of the more common 
algorithms for estimating population parameters using a maximum likelihood coalescent model 
are IM (Hey & Neilsen 2004) and MIGRATE (Beerli 2006) 
HIERARCHICAL F-STATISTICS: A method introduced by Sewall Wright (1931; 1951) used to 
describe the partitioning of standardized genetic variances at multiple levels of biological 
organization.  Since the variances are standardized relative to total variance possible, this 
approach can compare the partitioning of genetic variation within and among populations across 
different species. Weir and Cockerham (1984) derived an algorithm for estimating these 
parametric variances from actual data, and many computer programs designed to analyze 
population genetic data sets report these estimates. FST is the common component of Wright’s 
complete hierarchical partitioning that is reported in Table 24.3, and measures the degree to 
which gene frequencies vary between populations within rivers, or between rivers or drainages.  
ANALYSIS OF MOLECULAR VARIANCE: Abbreviated as AMOVA, this statistical approach to 
hierarchical population structure was developed by Excoffier et al. (1992) and implemented in 
the computer program Arlequin (Schneider et al. 2000). Arlequin typically estimates the pairwise 
genetic distances between haplotypes, and uses these as the primary information in a standard 
analysis of variance.  The levels of biological structure, such as between individuals within 
populations or between populations, become the levels of the analysis of variance, analogous to 
the hierarchical F-statistics of Wright (1951).  
NUMBER OF EFFECTIVE MIGRANTS: The number of effective migrants, Nem, estimates the 
number of migrants that are expected to contribute to the local gene pool (as opposed to recent 
dispersers, that may not survive or may not integrate into the new population). Nem incorporates 
an estimate of the effective population size Ne, and the migration rate between populations, m 
(Räsänen and Hendry 2008). 
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Box 24.1 Studies with molecular genetic population structure data available. 
Genus 
(16 genera not 
covered) 
N species  
in genusa 
Species  N of  
studies 
Approximate 
proportion of range  
covered 
References 
Poecilia 49 P. reticulata 
 
At least 
18 
Entire range Selected refs: 
Carvalho et al. 1991 
Alexander et al. 2006 
Crispo et al. 2006 
 
  P. latipinna 2 ½ species range Trexler 1998; Gabor et al. 2005 
  P. velifera 1 most of range Hankison & Ptacek 2008 
  P. petenensis 1 most of range Hankison & Ptacek 2008 
      
Xiphophorus 17 X. cortezi 1 entire range Gutiérrez-Rodríguez et al. 2007 
  X. birchmanni 1 entire range Gutiérrez-Rodríguez et al. 2008 
      
Gambusia 45 G. affinis 3 most of range Wooten et al. 1988; Echelle et al. 1989; 
Smith et al. 1989 
  G. holbrooki 3 most of range Wooten et al. 1988; Echelle et al. 1989; 
Smith et al. 1989 
  G. geiseri  most of known range Echelle et al. 1989b 
  G. nobilis  entire range Echelle et al. 1989b 
   G. hubbsi  2 1 of 2 or more islands Schug et al. 1998;  
Langerhans et al. 2007 
      
Brachyraphis 8 B. rhabdophora 1 most of range Johnson 2001 
      
Poeciliopsis 21 P.  occidentalis 
occidentalis/ 
P. o. sonoriensis 
3 entire range for at least 
some markers 
Vrijenhoek et al. 1985 
Quatro et al. 1996 
Hedrick et al. 2006 
 
      
Heterandria 9 H. formosa 3 entire range Baer 1998a, b; Soucy & Travis 2003 
aRauchenberger 1989 
bReported in Echelle et al. 1989 from Milstead 1980 
Table 24.1. Genetic studies of multiple paternity and reproductive skew in natural populations.  Multiple paternity is measured 
as percentage of broods multiply sired.  When multiple populations were studied, an overall mean and the range of mean values are 
presented. N = total number of females sampled. 
 
Species Number of 
sites 
Marker N Multiple 
paternity (%) 
Sires per brood Skew Reference 
Poecilia reticulata 5 high pred. 
5 low pred. 
2 microsatellites  253 64 
25  
na na Kelly et al. 1999 
P. reticulata 6 high pred. 
 
4 low pred. 
3 microsatellites  101 94  
(70 – 100) 
98  
(90 – 100) 
3.8 
(2.9 - 4.6) 
3.1  
(2.6 - 3.6) 
0.20  
(0.09-0.27) 
0.16  
(0.14 - 0.20) 
Neff et al. 2008 
P. reticulata 1 low pred. 3 microsatellites 22 95 3.0 na Hain & Neff 2007 
P. latipinna 4 3 allozymes 126 41 (9 – 85) na na Trexler 1997 
P. latipinna 1 14 allozymes 23 52 na na Travis et al. 1990  
Xiphophorus 
multilineatus 
1 7 microsatellites 18 33 1.4 na Luo et al. 2005 
Gambusia affinis 1 3 allozymes 25 56 na na Chesser et al. 1984 
G. affinis 1 2 allozymes 200 59 na na Greene & Brown 1991 
G. holbrooki 2 3 microsatellites 50 90  
(88 – 92) 
2.2  
(2.12 – 2.36) 
na Zane 1999 
Heterandria formosa 3 3 microsatellites na 45  
(15 - 66) 
1.4  
(1.1 - 1.7) 
na Soucy & Travis 2003 
Poeciliopsis monacha 1 7 allozymes 88 23 na na Leslie 1977 
 Table 24.2. Estimates of expected heterozygosity, averaged over loci, with range, for multiple river surveys of guppies in 
Trinidad. High predation upstream populations were excluded. 
Reference Marker, number of loci 
 
HE upstream/ low predation HE downstream/ high predation 
Suk & Neff, in review 7 microsatellites 0.45 (0.13 – 0.69) 0.66 (0.58 – 0.71) 
Barson et al. in review 5-7 microsatellites 0.11 (0.02 – 0.25) 0.64 (0.59 – 0.72) 
Neff et al. 2008 3 microsatellites 0.68 (0.59 – 0.77) 0.84 (0.82 – 0.88) 
Kelly et al. 1999 2 microsatellites 0.55 (0.41 – 0.72) 0.77 (0.54 – 0.89) 
 
Table 24.3. Partitioning of genetic variation within and between rivers/drainages. 
Species Markera FXY 
between 
sites within 
rivers/ 
drainagesb 
FXY 
between 
rivers/ 
drainages 
AMOVA  
partition 
between  
sites within 
rivers/ 
drainagesc 
AMOVA 
partition 
between 
rivers/ 
drainages 
Nemd Sample design References 
Poecilia 
reticulata 
4 allo. 0.18 0.36 nae na na 6 sites from 5 rivers, 
Trinidad 
Carvahlo et al. 
1991f 
P. reticulata mtDNA 
control 
region 
na na 21.5 32.2 na 35 sites, 3 major regions, 
n.e. South America 
Alexander et al. 
2006g 
P. reticulata 7 micro. 0.30 na 12.5 22.5 0.2- 
12.3 
20 sites Marianne R., 
Trinidad 
Crispo et al. 2006h 
P. reticulata 8 micro. 0.16 na na na 0.12- 
0.54 
2 sites, Aripo R., Trinidad van Oosterhout et 
al. 2006i 
P. reticulata 5-7 micro. Ave.  
0.25 
Ave.  
0.47 
na na 0.04- 
8.8 
11 sites, Trinidad Barson et al. in 
reviewj 
P. reticulata 7 micro. Ave.  
0.21 
Ave. 
 0.31 
25.2 4.6 na 15 sites, 4 rivers, Trinidad Suk & Neff in 
reviewk 
P. latipinna 30 allo. 0.07 0.21 na na ~3.5-5 25 sites, 3 geographical 
regions, s.e. USA 
Trexler 1988l 
P. latipinna 16 allo. na na 8.0 1.4 2.4 12 populations, s.e. USA Gabor et al. 2005 
P. mexicana 10 micro. 0.02-0.05 
between 
sites 
in cave 
>0.29  
low sulfur 
and other 
sites 
23.9  
among  
all sites 
na 1-3 3 cave sites, 2 surface 
sites, MEX 
Plath et al. 2007 
 P. petenensis 9 micro. Ave. 
 0.16 
0.28 11.3 27.0 na 9 sites, 3 major regions, 
Yucatan peninsula, MEX 
Hankison & 
Ptacek 2008 
P. velifera 9 micro. 0.14 0.43 5.9 15.0 na  Hankison & 
Ptacek 2008 
         
X. cortezi mtDNA 
control 
region 
na na 42.1 53.7 na 10 sites, 3 drainages, MEX Gutiérrez-
Rodríguez et al. 
2007 
Xiphophorus 
birchmanni 
mtDNA 
control 
region 
na na 3.4 87.7 na 11 sites, 3 drainages, MEX Gutiérrez-
Rodríguez et al. 
2008 
         
Gambusia 
holbrooki and 
G. affinis 
combined 
5 allo. 0.11 0.36 na na 15-20 
between 
sites  
76 sites, 19 drainages, s.e. 
USA 
Table 12-2, 
Echelle et al. 1989 
G. nobilis 6 allo. 0.26 0.35 na na 15-20 
between 
sites 
2-6 populations in each of 
4 spring systems,  NM/TX, 
USA 
Table 12-3 Echelle 
et al. 1989; 
Smith et al. 1989 
G. hubbsi 21 allo. 0.36 na na na 0.41 16 sites, Andros Is., 
Bahamas 
Schug et al. 1998 
G. hubbsi mtDNA 
ND2, 
21 allo. 
0.60 na 56.9 3 na 12 sites, Andros Is., 
Bahamas 
Langerhans et al. 
2007m 
         
 Brachyraphis  
rhabdophora 
11 allo., 
mtDNA 
control 
region 
0.36 0.17 na na 0.44 12 sites, 5 drainages, Costa 
Rica  
Johnson 2001n 
         
Heterandria 
formosa 
16 allo. na na na na 6.0-14.0 34 sites, 10 geographic 
regions, s.e. USA 
Baer 1998a 
H. formosa 6 allo. 0.01 0.04 na na na 9 sites, St. Johns R.; 7 sites 
Ocklawaha R., s.e. USA 
Baer 1998bo 
         
Poeciliopsis 
occidentalis 
12 allo. na 0.53 na na na 1-6 sites in each of 6 
Sonoran Desert rivers 
Echelle et al. 
1989p 
         
 
aallozyme electrophoretic markers (allo.) (polymorphic only); microsatellite markers (micro.); or various regions of the mtDNA molecule 
bFXY refers to FST between sites within rivers, or between rivers/drainages 
cpartitioning of genetic distances between haplotypes according to Analysis of Molecular Variance (Excoffier et al. 1992) 
dor estimate of contemporary dispersal 
enot available 
fGST,  coefficients of gene diversity, not FST, is reported 
gestimates for within and between major regions: Venezuela/West Trinidad; east Trinidad; east Guyana 
hAMOVA results reported for groups of populations separated by waterfalls 
iGST reported 
jestimates do not include 12th population surveyed from the island of Tobago 
kaverages reported within and between drainages: Caroni, Oropuche, Paria, and Yarra;  Tururue populations not included because they are 
influenced by introduction from Caroni Drainage. 
lNem estimated among sites within separate regions, from private alleles method. 
mFST calculated between two sets of populations: all high-predation and all low-predation sites 
nwithin and between rivers within drainages 
oNem estimated between neighboring populations assuming a 2-dimensional stepping stone model 
preported in Echelle et al. (1989) from Vrijenhoek (pers.comm.) 
 
 
 
 
